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I. Ttt~  REGENERATIVE CYCLE OF  MOTON~IYRONS  I 
The  phenomenon  of axon  regeneration presents  an  exceptional opportunity  for 
study of the mechanisms of cytoplasmic growth and reorganization in highly differen- 
tiated cells.  In motor nerve cells, for example, a  large part of the cytoplasm, the 
enormously long axon, can be conveniently amputated by peripheral nerve transection. 
The subsequent structural transformations in perikaryon and axon, and the chemical 
changes which parallel them, have been the subject of numerous histochemical as well 
as histological investigations.  However, such  studies of the consequences of nerve 
transection have generally treated separately the events of degeneration and regen- 
eration of the axon, and  the retrograde reaction of the cell body, commonly called 
chromatolysis or chromolysis because of the prominent decrease of basophilic material 
in the cytoplasm of the cell body. 
The  complexities of the  reaction of  the  nerve  cell to  axon  amputation are well 
known.  A  large variability of response is found among the many nerve cell types 
present in various parts of the nervous system, as well as in homologous cell types in 
different animal species, or under varying conditions of age and physiological state 
(1-3).  For example, the chromatolytic reaction in the cell body which occurs in most 
vertebrate cells, and apparently in some invertebrate neurons (4), after axon amputa- 
tion, has been said not to occur in anterior horn cells of the rabbit (2, 5, 6), although we 
have found it to be present largely in mild degree in such cells in adult rabbits.  In 
contrast,  the  motor cranial nerve  neurons  of the adult rabbit show  typical severe 
chromatolysis after axon section.  Moreover, it is well known that axon interruption 
of spinal ganglion cells distal to the ganglion leads to typical chromatolysis in the cell 
bodies, but amputation central to the ganglion by posterior root severance is followed 
by little or no apparent morphological changes in ganglion cells (7-9).  Furthermore, 
although peripheral nerve avulsion generally leads to chromatolysis followed by rapid 
dissolution of the neuron, in some species such as the cat (10)  recovery and axon re- 
generation can occur even with such severe treatment.  Finally, although chromatoly- 
sis of nerve cells with axons in peripheral nerves is usually followed by recovery, in 
nerve cells with axons in the central nervous system it is either followed bydissolution 
of the cell (11-14, and many others), or in some cases by atrophy of the cell body which 
persists in a shrunken state with decreased basophilic material (3,  14-16).  The per- 
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sistence of such cells may be due to the existence of uninjured axon collaterals which 
serve to maintain the functional integrity of the neuron at a reduced level of cell size. 
This  phenomenon should  not be  confused with  the  unexplained  atrophy  of adult 
central neurons which occurs in rare instances after destruction of an afferent tract. 
Such transsynapti6 atrophy which is a more general occurrence in new born individuals 
(Gudden's atrophy, 17) occurs for example in the adult lateral geniculate body neurons 
following optic nerve section, especially in primates,  (18-22, and others).  It is thus 
clear that in some cases at least the normal state of the neuron is dependent upon 
direct synaptic connections, as well as upon the anatomical integrity of the neuron 
itself (but see Tower et al., 23, 24). 
It is interesting that some of the morphological changes which take place in the 
nerve cell body following axon interruption also occur, as is well known, in various 
neuropathological  conditions,  especially  ischemias,  nutritional  deficiency  states, 
toxemias, and virus infections, and it must be supposed that similar physicochemical 
processes are involved.  Consequently, experimental  studies  of the reacting neuron 
mechanisms after axon amputation  should contribute to a  better understanding  of 
neuropathological processes which are  much more variable  (25)  and  therefore  less 
readily controllable than the changes following axon section. 
In order to essay a  better understanding of the nerve cell reactions to axon 
amputation,  it seems  clear that one must start with a  cell type which is ex- 
perimentally convenient and which shows a typical regenerative response.  We 
have chosen the anterior horn cell of the rhesus monkey for these reasons, and 
because  of our  special  interest  in  the  reaction  of these  cells  to  invasion  by 
poliomyelitis  virus.  We  shall  begin  with  a  description,  and  an  attempt  at 
a  working synthesis, of the sequence of morphological events in various parts 
of the  regenerating  rhesus anterior  horn  cell.  However,  previous references 
to the reaction  of other  cell types and  to species differences,  and  references 
to be  made  below,  will  be  sufficient  to indicate  the  need  for a  circumspect 
attitude  in  generalizing  from our knowledge of this  cell  type alone.  In the 
present  state  of our information, interpretations  are to be considered  only as 
working hypotheses,  and as challenges for further  research. 
Present Knowledge oJ the Nissl Substance 
As was earlier emphasized, the dissolution of the Nissl substance, or "chroma- 
tolysis," is not the only significant feature of the response of the nerve cell to 
injury or axon amputation,  but since more is known about the chemical con- 
stitution  of this  material  than  of any other  cytoplasmic entity of the  nerve 
cell,  a  consideration of the nature  of Nissl substance may well  be a  point of 
departure for an analysis of the axon reaction. 
The first careful study of the constitution  of Nissl bodies was made in 1895 by Held (26) 
who found that these cytoplasmic structures,  as seen in sections stained with methylene blue 
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like mass, as distinguished from the red-staining ground substance of the cytoplasm.  Held 
concluded from their solubility in alkali, insolubility in mineral acids and fat solvents, failure 
of digestion with pepsin-tiC1, and positive microchemical tests for phosphorus, that the Nissl 
bodies belong to the class of nucleo-albumins.  Similar studies which were in general confirma- 
tory were soon carred out by Macallum (27) and by Scott (28).  Scott also offered evidence 
for the presence of masked iron in the Nissl granules,  as did Nicholson (29).  Many early 
workers,  following Held's view, felt that  Nissl bodies as  seen in  stained  sections could be 
considere&as precipitation artefacts, since they are not visible as separate structures in fresh 
material  with  ordinary  light.  However, although  fairly  convincing evidence for  the  pre- 
existence of Nissl bodies as discrete masses in tlle living nerve cell was early available (30), 
this view was finally clearly established by Bensley and Gersh (31) with the freezing-drying 
technique, and by Beams and King (32) with the method of ultracentrifugation.  St6hr and 
Weimann had previously shown that Nissl bodies in unfixed nerve cells were clearly demon- 
strable with ultraviolet light photography (33, 34).  Einarson (35) also showed that variations 
of ordinary histological fixation did not significantly affect the form and stainability of Nissl 
bodies with gallocyanine.  Bensley and  Gersh,  in  confirming  Held's  observation  that  the 
stainability of Nissl bodies with basic dyes was lost after alkaline treatment, pointed out that 
an  eosinophilic residue  of the  Nissl  body  was  left intact.  They  suggested  as  alternative 
explanations  either  that  a  specific  stainable  substance  had  been  removed by  the  alkaline 
treatment or that the loss of stainability was due to a change of the isoelectric point.  Kelley's 
more  recent  experiments with  the  reactions  of dyes with nuclear nucleoprotein,  however, 
indicate that the staining of a nucleus is independent of the isoelectric charge of the nucleo- 
protein (36).  Microincineration studies have in general indicated that the highest concentra- 
tion of inorganic ash in the cytoplasm is found in the Nissl bodies (37-39). 
van Herwerden  (40, 41)  first reported loss of stainability of Nissl bodies (with hemalum) 
after treatment with a nuclease from beef spleen,  but this could not be confirmed by Bensley 
and  Gersh  (31),  who reported  that  such a  preparation  did,  however, remove the stainable 
component of nuclear chromatin  of glial cells.  Brachet later reported  that  stainability  of 
Nissl bodies with pyronine was lost after treatment of sections with ribonuclease from beef 
pancreas  (42).  Gersh  and  Bodian  (43)  using Kunitz'  crystalline ribonuclease preparation 
(44) also found that the basophilic staining of the Nissl bodies (with toluidine blue) was lost 
after enzyme treatment, but that an acidophilic matrix of the Nissl bodies could still be dif- 
ferentiated from the rest of the cytoplasm.  They found too that the absorption of ultraviolet 
light at the wavelength typical of nucleotides (2600 A) was greatly reduced in the cytoplasm 
in  such  enzyme-treated  sections.  This  confirmed  the  findings of Landstr6m,  Caspersson, 
and Wohlfart  (45), who also used Caspersson's ultraviolet absorption method (46),  that the 
Nissl bodies contain nucleotides.  Because of the negative reaction of the Nissl substance 
with  Feulgen's method  for  thymonucleic acid,  Landstr6m,  Caspersson,  and  Wohlfart also 
concluded that the nucleoprotein of Nissl bodies is of the ribose  type. 
The evidence cited above indicates conclusively that the Nissl bodies consist 
of  a  protein  matrix,  distinguishable  from  that  of  the  rest  of  the  cytoplasm, 
as  noted  by  Held,  and  an  attached  basophilic  component,  specifically  re- 
movable by alkaline treatment  or ribonuclease activity, with a  high character- 
istic  absorption  at  2600  A,  negatively  reacting  with  Feulgen's method,  and 
therefore primarily a ribonucleic acid.  Considerable evidence has accumulated 
which  indicates  tbat  chromosomes  similarly  are  constituted  of  a  specific 
protein  matrix,  to  which ribonucleic as well as  thymonucleic acid is attached 
(47-49).  This  subject  has  recently  been  well reviewed by  Mirsky  (50). 472  REGElXrERATIVE  CYCLE  OF  M'OTONEURONS 
Various  hyphotheses  regarding  the functions  of the  Nissl substance require 
brief  consideration. 
The substance is often vaguely defined as a reserve which can be quickly mobilized during 
changing physiological and pathological states of the cells.  This concept derives from the 
well known fact that the Nissl substance is rapidly reduced in quantity during various patho- 
logical conditions, and after axon injury  (1).  Young  (51) has recently advanced evidence 
that a turgor pressure is transmitted from the nerve cell body to its axon fiber, and suggests 
this pressure as the agent responsible for maintaining the organization of the axon.  He cites 
the suggestion of Gersh and  Bodian  (43) that  the breakdown  of nucleoprotein after axon 
section produces  increased intracellular osmotic pressure with resultant  turgidity  and  vis- 
cosity changes in the cell, leading to nuclear displacement.  Young suggests that normally 
a similar process is continually present and that it is the "function" of the Nissl substance to 
provide the necessary  material for the depolymerization process.  The occurrence of such 
large amounts  of extranuclear nucleoprotein,  in his  opinion, is necessary  to  maintain  the 
organization of such long cells. 
Reasoning from cytological premises which seem more fundamental in the light of recent 
researches,  Heidenhain in 1911 (30) concluded that the Nissl substance, as cytoplasmic nucleo- 
protein or "cytochromatin,"  had a function similar to that of the nucleus in maintaining  the 
integrity of the neuron.  The complementary nucleus-like function of the cytochromatin was 
visualized as a necessary consequence of the great disproportion between nuclear volume and 
total cell volume of most neurons, and was supported by the common observation that the 
longer the axon, the greater the amount of Nissl substance in the nerve cell.  Heidenhain's 
concept may thus be regarded as defining a  special case of Hertwig's classical cell constant, 
the nucleus-cytoplasmic ratio.  Although convinced of the important nuclear-like influence on 
the axon exerted by the Nissl substance,  Heidenhain did not attempt to suggest the nature 
of this influence in further detail. 
Similarly, following the suggestion of Caspersson and coworkers that cytoplasmic nucleo- 
protein is associated with rapid cell growth (52, 53) and pancreatic cell synthesis  of protein 
secretion  (54,  55),  LandstrSm,  Caspersson,  and  Wohlfart  (45) have  drawn  an  interesting 
analogy between egg cells and nerve cells.  Both cell types have considerable cytoplasmic 
nucleoprotein and large nucleolus,  and both undergo a period of great growth. 
Perhaps the most suggestive supporting evidence for Heidenhain's concept, however, as he 
was well aware, comes from the changes in Nissl substance which occur when a  large part of 
the cytoplasmic volume is amputated, as in nerve section, and  during the active sprouting of 
the regenerating axon. 
The Phenomenon  of Chromatolysis 
The  early  period  of  axon  regeneration  from  the  central  stump  of  moto- 
neurons  is  accompanied  by  microscopically  visible  changes  in  the  cell body 
which  usually  reach  a  climax at  about  1  or  2  weeks  after  axon  amputation. 
This retrograde  "axon reaction" was first described by Nissl in  1892  (56),  and 
is  commonly  known  as  "chromatolysis"  since  the  most  obvious  histological 
change  is a  frequently  severe decrease  of stainable  basophific  material  (Nissl 
bodies)  in  the  cytoplasm.  Reversibility of this  change  is a  usual  occurrence 
in neurons  with  axons in peripheral nerves,  and  in some ceils is complete. 
Although Nissl first interpreted  this phenomenon as a  regressive change,  similar to that 
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have generally held the view that chromatolysis is a process which reflects the coincident re- 
generative efforts of the axon.  Until very recently this phenomenon was of interest primarily 
to neurohistologists and to neuropathologists.  The former used it as a method of identifying 
the cells of origin of axon tracts in the central nervous system and in a peripheral nerves (58) 
and  studied  variations of the morphological process in  various types  of nerve cells.  The 
phenomenon was of interest to the neuropathologist since abnormal changes in the quantity 
and dispersion of chromophilic material of nerve cells have been known since the turn of the 
century to occur in many neuropathological conditions.  In these states, however, the process 
of chromatolysis is less readily controllable and morphological changes may be so varied, as 
noted by early investigators (1, 25, and many others), that it has been impossible thus far to 
make comparisons with the relatively orderly stages of chromatolysis as seen after experi- 
mental axon section. 
The  significance of  these  morphological changes,  which  obviously represent  the  visible 
aspect of profound alterations in the protoplasmic materials and in the energy relations of the 
cell has acquired increased interest with the convergence of various lines of investigation from 
related  fields.  For  example,  neurophysiological  evidence  is  now  available  showing  that 
changes  in  electrical activity of  the  axon  parallel  the  chromatolytic process  (59-61).  A 
provocative neuropathological aspect of chromatolysis, and one which conceivably may have 
wide implications with respect to virus growth in cells,  is the finding by Howe and Bodian 
that cells which are ordinarily very susceptible to injury by poliomyelitis virus are rendered 
relatively resistant  following experimental  axon  section  (16).  This  finding  and  the  well 
known fact that virus action can specifically produce the morphological changes of chromatoly- 
sis in affected nerve cells,  leave no doubt  that  the ultimate goal of investigation of these 
matters must be the understanding  of the precise localization of materials and of chemical 
reactions within the cell.  This, of course,  is the goal of histochemistry, and in this field newer 
methods  have  already  contributed  to  our  knowledge  of  the  chromatolytic  process.  For 
example, absorption studies by LandstrSm  (62) and by Gersh and Bodian (43) with the use 
of the ultraviolet microscope as developed by Caspersson  (46, 63),  and by Gersh and Baker 
(64) have revealed significant changes in the concentration of cytoplasmic ribonucleotide and 
protein during chromatolysis, suggesting active alterations of enzymatic activity, at least of 
ribonuclease and proteases and undoubtedly of other enzymes.  Marinesco  (65) had previ- 
ously offered experimental evidence for increased proteolytic activity in chromatolytic cells. 
Recently, Howe and Mellors (66)  have observed a  decrease in cytochrome oxidase activity 
in the chromatolytic anterior horn of the rhesus monkey.  This is of interest in view of the 
report by Potter and Albaum that cytochrome oxidase activity is inhibited by ribonuclease 
(67). 
The Time Course of the Chromatolytic  Cycle 
Before  dealing  with  our  experiments  on  phosphatase  activity,  we  shall 
attempt  to outline as far as possible the morphological events occurring in the 
cell as a  whole during the chromatolytic cycle, 
This task was first attempted by Heidenhain (30) but since then the numerous investiga- 
tions on this cycle have been centered mainly on the stage of severest change and  on  the 
alterations in the cell body.  In order to interpret adequately any of the changes in the steady 
state of cell functions, it is necessary to deal with events occurring in the injured and  re- 
generating axon as well, and to define the limits of all events in the time course of the cycle. 
Any description of levels of enzymatic activity, for example, must take into account the fact 
that the experimental cycle of chromatolysis, although reversible, is not symmetrical in time. 
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2  weeks, whereas the phase of restitution ordinarily takes place over a  period of several 
months. 
The morphological changes in the cell body during the chromatolytic cycle are the points 
of departure in the problem at hand, and these will be considered as they occur after experi- 
mental axon interruption, since the cycle is most readily controlled, and studied in  time, 
when induced by this method.  These changes are qualitatively different in different nerve 
cells, and to some extent in the same functional neuron groups in different species, so that the 
description which follows  applies primarily  to  the  anterior horn  cell  of  rhesus monkeys. 
Various factors may also produce quantitative differences in axon reaction, both in degree of 
change and in the time course.  For example, more rapidly apparent and more severe changes, 
even cell necrosis, may occur when the axon is interrupted closer to the cell body (30, 56, 57), 
or when the interruption is due to evulsion of a nerve, rather than crushing or freezing.  When 
fibers are sectioned far distally in a  limb, moreover, visible chromatolytic changes may not 
occur at all (30, 68).  Thus, the amount of cytoplasm amputated from the neuron is obviously 
an important factor (30).  The r61e of general metabolic factors is indicated by the effect 
of thyroidectomy in retarding the reJeneration of axons (69, 70). 
Changes in the Axon.--The  injury changes and regenerative efforts of the central axon 
stumps of severed nerves have been the subject of numerous researches and reviews.  The 
general features and many of the morphological details of this process have been made fairly 
clear following the application of reduced silver staining techniques by Cajal (71, 72), Perron- 
cito (73, 74)~ Ranson (75), and others.  The outgrowth of the new sprouts from the central 
stump can also be comlJared in many respects with the outgrowth of embryonic nerve fibers, 
and of nerve fibers in tissue culture, which are studied more readily in the living state (76-80, 
and others).  Young (81) has recently reviewed the entire subject in a comprehensive  manner. 
Only a brief summal  3- of essential details will be given here. 
After axon section, important changes begin in the central stump during the 1st day.  These 
consist of vigorous sproutings of numerous branches from the region of the cut end of the axon, 
both from the terminal end and from the lateral surface of the fiber as high as 5 ram. above 
the cut end (Ranson, 75, dog sciatic).  Many of the early sproutings are abortive, and soon 
disappear, along with the region of the axon near the cut end.  Sknfilar  abortive sproutings 
and end-bulbs occur after the  1st day in the distal stump near the cut surface, but these 
largely disappear between 4 and 8 days (75).  Fine branches of the central stump, end-bulbs, 
and more complex formations of the growing tips are seen in the exudate and in the endoneu- 
rium during the first few days.  These structures are gradually replaced during the first 2 
or 3 weeks by parallel coursing fibers and branching fibers in the sheaths, which grow into 
the scar.  Single fibers according to Ranson may develop as many as fifty or more branches. 
Obstructions in the scar apparently lead to formation of large terminal bulbs and complicated 
spirals, which may  later be resorbed.  According to  Cajal  (72) and  Gutmann,  Gutmann, 
Medawar, and Young (82), the axon tips which succeed in reaching the distal stump, after a 
variable period in the scar (about 7 days in good nerve sutures), may advance within it at 
the rate of about 3 to 4 mm. per day.  As the axons elongate in the distal stump there is a 
progressive increase in  fiber diameter, and a  concurrent laying down of myelin, but these 
processes o[ fiber "maturation" advance down the nerve at a  slower  rate than the growing 
axon tip (81-83).  The "vigor" of growth of nerve sprouts according to Cajal decreases with 
time until it becomes almost nil.  Fibers which fail to reach the distal stump because of im- 
passable obstruction in  the scar tissue may grow for a  considerable time into neighboring 
connective tissue, back along the nerve, or within a neuroma bulb.  It is likely, however, that 
after the first few weeks of vigorous branching the numerous early branches are resorbed, and 
the increase of substance of axons lost in the scar, as well as those which reach the distal stump, 
becomes progressively lessened with time.  Berry, Grundfest, and Hinsey (61) have shown, 
for example, that the return of fiber diameter of regenerating axons occurs at a constantly 
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The regenerative sprouts have been interpreted as an outpouring of axoplasm by Young 
(81) and by Gutmann and Sanders (84), and although the mechanism of this process is  un- 
known, these workers seem to have found evidence for the outflow concept by the observation 
of a  small diminution in diameter of axons above an interruption.  No data are available 
concerning diminution of axon volume central to an interruption as compared with increment 
of axon volume distal to the interruption, but it seems probable that the central diminution 
can account for but a  fraction of the mass represented by the total outgrowth of the axon. 
Although a  "spinning out" of already present axoplasm, following  the ameboid axon tip or 
"growth cone," may play an important r61e in the initial sprouting efforts of the central stump, 
as well as the abortive sprouting in the distal stump, the later branching and lengthening of 
the regenerating fibers must be considered as a  resultant of protoplasmic synthesis in the 
neuron.  The synthesis may occur in the cell body and not in the outgrowing fiber itself, but 
simple volume estimates show that many times the volume of the cell body must be synthe- 
sized to reestablish a normal axon.  For example, a rhesus anterior horn motoneuron of cell 
body dimensions 50 X  50 X  40 #, can be roughly estimated as an oblate spheroid to contain 
a  volume of ca. 50,000 #3, exclusive  of dendrites.  An axon of a cell of these dimensions may 
be assumed to be at least of the order of 8 # in diameter.  The volume of a 25 cm. length of 
axon of this diameter (gastrocnemius motor fiber), assuming constant diameter, is ca.  12,- 
500,000/z  3, or about 250 times the volume of the cell body.  This volume after a nerve crush 
can be reconstituted during a  period of less than 6 months.  The magnitude of the growth 
process involved in the regeneration of an axon is increased considerably by the necessity for 
replacement of the myelin sheath concurrently with the outgrowth of the axis cylinder (83) 
and to a large degree dependent upon it.  It is interesting to compare Heidenhain's estimate 
of cell body and axon volume in a large human spinal ganglion neuron.  Taking a cell body of 
120 #  diameter, and an axon 12/z diameter and 1 meter long, he has estimateda cell body 
volume of 864,000/z  3 and an axon volume of 108,000,000 #3, or a proportion of 1 to 125  (30). 
Changes in the Cell Body As Related to A xon Regeneration.--Early period.  The early process 
of axon regeneration, as described above, consists of profuse branching, starting as early as 
the 1st day after axon section and continuing vigorously during about the first 2 or 3 weeks. 
This period coincides roughly with the period of degradation of chromophilic substance in the 
cell body.  The first visible signs of this dissolution lag behind the onset of axon sprouting, 
since during the first 2 days after axon section little change is visible in the stainable Nissl 
bodies.  By 3 days, however, there is definite reduction in size of these structures (Fig. 2). 
The reduction in size of Nissl bodies is progressive and leads to their dissolution as formed 
and stainable structures.  This process which is in part at least a  reduction of nucleotides 
(43), reaches its height between 1 and 2 weeks after axon interruption (Figs. 3 to 5).  Com- 
plete loss of stainable material in the cytoplasm does not appear to occur unless cell necrosis 
impends, b~t a  concentration of chromophilic material is seen at the cell periphery at the 
height of the process, and dust-like stainable particles are found scattered through the cyto- 
plasm.  The process of chromatolysis apparently begins in the anterior horn cell near the axon 
hillock (43, 85-87)  and from there spreads throughout the perikaryon.  As a rule, the nucleus 
is displaced away from the axon hillock from its central position in the cell (Figs. 3 and 14), 
and may show swelling and some deformation of its usually spherical margin (88).  Changes 
in shape and size described in the nucleus and nucleolus, however, appear to be variable, and 
frequently are not seen at all.  The changes in chromophil substance are said to be accom- 
panied also by disruption and dispersal of the Golgiapparatus throughout the cell (72, 89-91), 
and the cell body increases in volume and becomes  more nearly round (56).  There is relatively 
little disturbance in the neurofibrillar pattern (also 72, 92, 93, and others) and although Luna 
(94) described changes in the mitochondria of chromatolytic cells of the toad, this point seems 
not to have been adequately studied as yet.  In other types of nerve cell injury in mammals, 
however, the mitochondria are said to be structurally stable (95-97).  A working interpreta- 
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and protein constituents of chromophil substance, studied by the method of ultraviolet light 
absorption, has already been made (43).  It seems reasonable to suppose that early degrada- 
tional changes of chromophil substance are correlated with the increased demand for proto- 
plasmic synthesis made by the vigorous axon branching of the early phase of axon regenera- 
tion.  An approximate analogy with the sequence of morphological changes in the chromophil 
substance of embryonic nerve cells during the initial sprouting of the axon was made by van 
Biervliet (98) in van Gehuchten's laboratory. 
Recovery  period.  The  onset  of  recovery  changes  of  chromatolysis  (chromosynthesis) 
cannot be precisely timed but usually can first be seen between  1 and 3  weeks after axon 
section, depending on the distance from the cell body of the point of transection.  Increase in 
diffuse cytoplasmic staining and in size of stainable dust-like particles in the cytoplasm is 
first noted (Fig. 6), and this is often accompanied by increase of chromophil substance both 
in the cell periphery as well as near the nuclear membrane.  Although Caspersson and Schultz 
(47) believe that nucleolar activity may play a rSle in the synthesis of cytoplasmic ribonucleic 
acid near the nuclear membrane, our observations suggest that both nuclear and cell mem- 
branes are  the sites of heightened synthetic activity.  The direct partidpation  of specific 
enzymes arising only in the nucleus does not seem a necessary assumption.  The increase in 
size of chromophil particles is gradual and continues until a quantity equivalent to that seen 
in a normal cell is restored in the cytoplasm.  This may occur as early as 1 month after nerve 
section, but in many cells several months are required.  In instances where functional axon 
regeneration has not occurred, chromatolysis and partial cell atrophy may persist for many 
months in some cells.  Nuclear eccentricity is seen in many cells after most of the chromophil 
material is restored (Fig. 8), but by the time successful axon regeneration to the end-organ 
has occurred, the nucleus is found to be back in its normal central position in the cell body. 
During the early recovery period of chromatolysis, cells in various phases of the cycle are more 
often seen in the same section than in the late recovery period or during the 1st week after 
nerve section.  The differences in phase may be correlated with variation in axon length, or 
with the degree of success of the axons in crossing the scar to reach the distal stump.  Mter 
nerve freezing or crushing, in which scar delay is reduced to a minimum, a greater uniformity 
in phase is seen, for example, than after nerve section or evulsion.  A greater uniformity of 
phase is also seen after repeated nerve transection (16, 99).  The  recovery  changes  of  chro- 
matolysis thus appear to follow the early phase  of vigorous branching, and to  parallel the 
subsequent more steady elongation of successfully regenerating axons. 
It is of interest that GuUnann and Sanders (84) found that in the rabbit the diminution of 
diameter of axons in the central stump persists for at least 130 days, but the fibers are restored 
to normal diameter by 200 days.  By 130 days after nerve crushing, recovery of chromatolysis 
in most anterior horn cells is complete, so that it may be hazarded that this interval is required 
for the synthetic activities of the cell to reach an equilibrium perhaps at a level higher than 
normal.  The final maturation of the regenerating axon, including considerable increase in 
diameter of axis cylinder and of myelin sheath, must then take place after the cell body and 
the axon in the central stump have practically  returned  to  normal morphologically.  More 
quantitative data on volume changes in both axon  and  cell body are obviously needed in 
this field. 
II. PHOSPHATASE  ACTIVITY IN REGENERATING  NEITRONS 
Materi~l  and Methods 
The experiments to be described in this report were  directed at determining 
the possible changes in, and  localization of acid phosphatase  activity in motor 
nerve cells undergoing axon regeneration.  Since some species variability occurs 
in the histological pattern  of chromatolysis,  the rhesus monkey  was chosen so DAVID BODIAN AND ROBERT C.  MELLORS  477 
that  data  obtained from  experimental chromatolysis could  be  carried  over 
in the interpretation of the chromatolysis which  occurs due to poliomyelitis 
virus action.  Chromatolysis was produced in anterior horn ceils of the lumbar 
spinal cord by section of the sciatic nerve under ether anesthesia, the animals 
then being sacrificed at intervals from  1 day to  the period of functional re- 
covery of involved muscles.  Nerve  ceils of the  sciatic nerve groups on the 
opposite side of the same microscopic sections served as normal controls.  The 
sciatic nerve was frozen with carbon dioxide ice in one case.  This produces 
interruption of axons followed by regeneration and associated  chromatolysis 
Add .Ph.os 
Animal 
A6-29 
A6-30 
A6-31 
A6-06 
A6-75 
A5-12 
A6-62 
A6-85 
A6-32 
A6-63 
A5-08 
A6-72 
A6-76 
TABLE I 
~hatase Aai~gty at pH 5.0 in Regenerating Motoneurona* 
Regeneration  times  Average deficiency  of 
Nissl substance 
0 
-I 
-1 
-2 
-2 
-3 
-2 
-2 
-2 
-2 
-1 
-1 
0 
days 
1 
3 
5 
6 
8 
10 
14 
18 
24 
28 
46 
52 
95§ 
Increase of cytoplasmic 
phosphatase activity 
over normal levels 
0 
0 
0 
Trace 
+ 
+++ 
+++ 
+++ 
+++ 
++ 
+ 
+ 
0 
* with sodium glycerophosphate substrate mixture. 
Interval after left sciatic nerve section. 
§ Sciatic nerve interrupted by freezing instead of section. 
of parent cells, but with more complete and earlier functional recovery than 
is possible with nerve section.  The monkeys used in these experiments are 
listed in Table I. 
The phosphatase method used follows the rationale devised by Takamatsu (100) and by 
Gomori (101) but is modified from that used by Wolf, Kabat, and Newman  (102).  The 
procedure consists in the incubation for 5 to 24 hours of paragm sections of tissue in a buffered 
bath containing  a phosphate ester and lead nitrate.  Inorganic phosphate released by enzyme 
activity is precipitated  in situ by the lead reagent, and a dark lead sulfide is subsequently 
formed by treating the  sections with  dilute ammonium sulfide.  The sites of phosphatase 
activity thus appear as brown-to-black "stained" areas in the microscopic section.  Tissues 
were fixed in chilled acetone, which was perfused intravascularly  through  the anesthetized 
animal.  This method makes possible the uniform and consistent fixation of all parts of the 478  REGENERATIVE  CYCLE OF  MOTONEURONS 
spinal cord, and reduces to a minimum the difficulties encotmtered in immersion fixation due 
to the poor penetrating power of acetone.  About 1 liter of chilled acetone was injected through 
the aorta, preceded by about  100 cc. of normal saline.  Tissues were removed immediately 
and placed in chilled acetone overnight.  They were then passed  through  two changes of 
absolute  alcohol (24  hours),  and  two changes  of toluene  (24  hours)  and  imbedded in  52 ° 
paraffin.  When prepared it this fashion, tissues retained their phosphatase  activity for at 
least 3  months and stained sections at  15  /z exhibited surprisingly good fixation and  form 
preservation of Nissl bodies and nuclei, although moderate pericellular shrinkage was usual. 
Variation in the level of normal activity, from preparation to preparation, was apparent but 
not marked. 
The details of the phosphatase method employed were modified from those used by Wolf, 
Kabat, and Newman (102).  The incubating mixture was prepared as follows:-- 
24 cc.  0.1 ~  acetate buffer at pH 4.7 
0.75 cc.  0.1 ~r lead nitrate 
67 cc.  Distilled water 
8 cc.  3.2 per cent substrate solution 
In addition to the sodium glyceroplaosphate,  suhstrates also used in each experiment were 
adenylic acid, a mixture of pentose nucleotides from ribonucleic acid, and yeast nucleic acid. 
Wolf, Kabat, and Newman have shown that phosphatase activity at pH 5.0 is present in the 
cytoplasm of nerve cells, whereas at pH 9.0 it is absent in this site but present in mesodermal 
structures such as blood vessels.  Consequently, most of our experiments were carried out 
using incubating solutions adjusted to pH 5.0.  Where difficulty was encountered in preparing 
the incubating solution at pH 5.0, such as when nucleic acid was used as a substrate, the in- 
cubating mixture was buffered at pH 7.0 using barbital buffer.  At this pH level it was found 
that phosphatase activity characteristic of both the acid and alkaline ranges occurred, with 
staining of neurons as well as of blood vessels.  This is in contrast with Moog's finding that 
alkaline phosphatase activity in the embryonic chick, maximally present at pH 9.0,  is sup- 
pressed at pH 8.0 (103).  After the pH of the incubating mixture was adjusted, it was allowed 
to stand overnight, and was then filtered before use. 
By varying the time of incubation in the substrate mixture an optimum degree of "staining" 
could be obtained for comparison of chromatolytic and normal nerve cells.  The optimum 
time varied from 4 to 7 hours for the sodium glycerophosphate mixture, 12 to 18 hours for 
the adenylic acid and nucleotide mixtures, and 20 to 30 hours for the nucleic acid mixture. 
Control sections in  which phosphatase  activity had  been inhibited  by 0.001  x~ sodium 
fluoride in the incubating mixture showed very little or no staining at pH 5.0, but little or no 
inhibition of staining was encountered at pH 7.0.  This confirms the usual finding that sodium 
fluoride is an inhibitor of acid phosphatase  activity.  Other control sections gave excellent 
staining with toluidine blue and gallocyanine and permitted a quite satisfactory comparison of 
the degree of chromatolysis as visualized with these standard histological methods. 
RESULTS 
Although  our  material  exhibited  an  unexpected  consistency  of  "staining" 
under given conditions, it was not found practicable to give an accurate quanti- 
tative expression to variations in activity of chromatolytic cells above the level 
of normal cells.  However, the variations of phosphatase  activity as expressed 
in intensity of staining were sufficiently great to permit a  satisfactory  approx- 
imation  of  degree  of  change  by  direct  microscopic  visualization  alone.  Our 
results are summarized  in Table I.  Here the increase in intensity of staining 
of the cytoplasm of regenerating cells in phosphatase  preparations  is expressed DAVID  BODLA2ff AND  ROBERT  C.  MELLORS  479 
in degree from 0 to a maximum of 3+, where 0 represents an arbitrary "opti- 
mum" of staining of normal cells  for purposes  of comparison with chroma- 
tolytic cells.  With  the  glycerophosphate substrate  this optimal  staining of 
cells was obtained after an incubation period of 5 to 7 hours.  Similarly, the 
degree of chromatolysis, as seen in neighboring sections stained with  gallo- 
cyanine and with toluidine blue, is expressed in terms of deficiency of chromo- 
philic material in the cytoplasm below normal levels, from -- 1 to --3, following 
the convention used in figs. 1 to 8.  Obviously the degrees of chromatolysis 
indicated in this manner represent only rough estimates of the deficiency of 
Nissl substance in the cytoplasm.  Intermediate levels occur both before and 
after the period of maximal deficiency, present at 10 days in our material, but 
the period preceding maximal chromatolysis cannot be considered as entirely 
analogous to, or reversibly symmetrical with, the period following it, in either 
functional or morphological terms.  This is indicated by consideration of the 
regenerative cycle described above, and also is seen in connection with changes 
in phosphatase  activity during the chromatolytic cycle, as well as in  other 
functional changes (66). 
As will be noted in Table I, the onset of chromatolysis in our material is 
first clearly apparent at 3 days and reaches its height at 10 days.  Following 
this period,  restitution  of  Nissl  substance  occurs  progressively,  is  well  ad- 
vanced at 46 days, and is essentially complete at the time of functional re- 
covery of the motor unit, or at about 3 months following axon interruption by 
freezing.  Not all cells following axon section are in the same phase with regard 
to degree of chromatolysis or with respect to regeneration of Nissl substance, 
so that the index of chromatolysis in Table I  refers to the predominant stage 
of chromatolysis in any particular case. 
In an earlier preliminary report we had stated  that the incre,~se of phos- 
phatase activity during the chromatolytic cycle was roughly parallel in onset 
with earliest histological changes (104).  A more detailed study of the period 
preceding maximal chromatolysis has shown, however,  that the first clearly 
demonstrable increase in phosphatase  activity occugs  several days after the 
first detectable histological changes are seen in toluidine blue or gallocyanine 
sections.  The earliest definite increase of phos~phatase  activity was seen at 
8 days, and was very marked at 10 days, during the height of chromatolysis. 
At this time, (Figs. 12 and 14) the increase of phosphatase activity, as compared 
with normal cells (Figs. 11 and 13) appeared to be localized to the central region 
of the cytoplasm.  In this region Nissl bodies could no longer be seen in the 
control sections stained with toluidine blue (Fig. 9, normal; Fig. 10, chroma- 
tolytic cell).  The marked increase of phosphatase activity persisted during 
the early period of restitution of Nissl bodies, up to 24 days, at which time the 
intensity of "staining" in phosphatase preparations was, if anything, somewhat 
greater  than at  10 days  (Fig.  17,  normaI; fig.  18,  chromatolyt.ic cells).  At 480  REGENERATIVE  CYCLE  O1~  MOTONEURONS 
this time the Nissl bodies in most chromatolytic cells were clearly being re- 
constituted, as could be seen in toluidine blue control sections (Fig. 15, normal; 
Fig.  16, ckromatolytic ceils).  Only rare ceils  still showed cytoplasmic areas 
severely chromatolyzed at this stage.  The nuclei of practically all chroma- 
tolytic cells were still quite eccentric in position. 
Regeneration of Nissl bodies was somewhat farther advanced in our 28 day 
case, in which phosphatase activity in chromatolyzed cells was definitely less 
than at 24 days.  After 46 and 52 days, when many cells showed far advanced 
restoration of Nissl bodies,  the phosphatase activity in these ceils  was only 
slightly increased above normal.  At this stage, cells which had lagged behind 
in recovery showed greater phosphatase activity, and some ceils  which had 
achieved almost complete recovery of Nissl bodies showed little if any increase 
of phosphatase activity over normal levels.  Some of the latter cells  at this 
period still exhibited nuclear eccentricity, although Nissl bodies were almost 
normal in appearance.  At the 46 and 52 day stages, cells which showed phos- 
phatase activity increased over normal frequently showed irregular "staining" 
in the cytoplasm with the phosphatase method, in contrast With  the homo- 
geneous staining of cytoplasmic areas  showing increased activity in  earlier 
stages. 
At 95  days after complete interruption of sciatic nerve axons by freezing 
with carbon dioxide ice, the regeneration of axons was essentially complete, as 
evidenced by clinically complete recovery of function of the previously par- 
alyzed leg.  At this stage, almost all neurons of the corresponding sciatic nerve 
nucleus  were indistinguishable from normal in toluidine blue  sections, or in 
sections prepared with the phosphatase method.  Only rare cells in toluidine 
blue sections showed residual chromatolysis of a slight degree.  This stage and 
the 46 and 52 day cases illustrate that when the restitution of Nissl bodies is 
essentially complete,  the level of phosphatase  activity in  the cytoplasm re- 
turns to normal, even when some nuclear eccentricity still persists.  At this 
time, it is interesting to note, axon "maturation," in the sense of attainment 
of final caliber of axon and myelin sheath, may still be in process. 
Similar results were obtained with the several substrates employed.  These 
included sodium glycerophosphate (52 per cent alpha), calcium hexosediphos- 
phate,  adenylic acid, a  mixture of pentose nucleotides from ribonucleic acid, 
and yeast nucleic acid.  The preparations in which the substrate was either 
adenylic acid or pentose nucleotides from ribonucleic acid yielded, however, 
a much sharper "staining" of axons and cell membrane than did preparations 
made with the other substrates.  The increase of phosphatase activity obtained 
when nucleic acid was used suggested concomitant ribonuclease activity, and 
it appears interesting in this connection that the crystalline ribonuclease prep- 
aration of Kunitz liberates phosphoric acid groups from ribonucleic acid (105). 
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of chromatolysis.  This appears to confirm the findings of Gersh and Bodian 
(43) which suggest that, contrary to the belief of Caspersson and Schultz (47), 
the nucleus does not play an important direct r61e in the replacement of the 
cytoplasmic ribonucleic acid. 
DISCUSSION 
In the present state of our knowledge, interpretations of the accumulated 
data concerning the complex processes involved in neuron regeneration must 
be considered largely as working hypotheses.  We have assumed as an initial 
premise that both the degradation and synthesis of proteins and nucleoproteins 
must go on continually and concurrently in both the normal and regenerating 
cell.  This seems to be clearly demonstrated by recent studies on the turnover 
of radioactive phosphorus in nucleic acids (106-108), and especially in the ribo- 
nucleic acid in regenerating liver (109). 
The regenerative activities of nerve ceils are of special interest in  that a 
hypernormal  level  of  protoplasmic  synthesis  takes  place  over  a  period  of 
several months in a  cell so specialized that cell division does not occur.  In 
such  cells  the  nucleoprotein activity, associated  with  secondary axoplasmic 
outgrowth  and  differentiation, appears  to  be  predominantly a  cytoplasmic 
function in contrast with the important nuclear activity of mitotically  dividing 
ceils. 
The "normal" pattern of Nissl bodies in the nerve cell may be considered 
as  a  resultant  of  a  steady state  in  cytoplasmic nucleoprotein.  The  rapid 
early depletion of cytoplasmic nucleoprotein after axon amputation may be 
interpreted as a shift of this balance in favor of degradation, due to increased 
requirements for protein  synthesis created by active early sprouting of the 
regenerating axon.  An  important suggestion as  to  the nature of these re- 
quirements comes from the fact that the amputated portion of an axon, al- 
though it has an independent blood supply, does not long survive separation 
from  the  cell body,  which  alone contains appreciable  quantities of nucleo- 
protein.  Degeneration of the separated axon is hastened by induced increased 
activity (110).  Marinesco  (65)  has offered the general suggestion that  the 
"trophic" function of the cell body in maintaining integrity of the axon is 
exerted as a  coordinative effect on enzymatic activity in the axon, absence of 
which results in dominance of proteolytic activity in the severed axon.  Gerard 
(111)  has visualized a  passage of essential respiratory enzymes, possibIy de- 
rived from the nucleus, down the axon, in which they are destroyed in the course 
of oxidizing reactions.  He  cites  evidence for spread  of substances  such as 
toxins and viruses  "specifically along axis cylinders, and at rates seemingly 
far beyond those that could be attained by simple diffusion."  This has re- 
cently received  additional confirmatory evidence with respect  to  the  rapid 
movement of poliomyelitis virus in peripheral nerve axons (99,  112). 482  REGENERATIVE  CYCLE  OF MOTONEURONS 
It may not be  too premature  to suggest that it may be  the  cytoplasmic 
nucleoprotein which is the source of enzymes necessary for axonal function, 
and especially the growth functions of the regenerating axon.  Since nucleo- 
tides are liberated in the breakdown of the nucleoprotein of Nissl bodies during 
chromatolysis (45),  and  are  apparently as rapidly depleted as formed  (43), 
it is conceivable that some of these nucleotides pass down the axon, in which, 
for example, they may play the r61e of coenzymes.  There is, of course, con- 
siderable  evidence that  nuc]eoproteins,  and  specifically nucleotides,  are  im- 
portant in the processes of phosphate transfer, or as coenzymes in the mech- 
anisms of biological oxidations (113-115).  Acid phosphatase activity is present 
in both axon and cell body (102), and although we have found that this activity 
experimentally can be demonstrated ~ith various substrates,  our work sug- 
gests a  more selective activity in axons and in  the  region of the cell body 
"membrane"  when adenylic acid and  nucleotides from  ribonucleic acid are 
used as substrates, as was noted above.  It is of interest and  perhaps of im- 
portance that the breakdown of Nissl bodies occurs first near the axon hillock 
after axon section, which follows expectation if our assumption is correct that 
the active early sprouting of the regenerating axon alters the steady state of 
cytoplasmic nucleoprotein in favor of degradation, and at first at the point of 
closest proximity to the nucleoprotein-free axon. 
In the cytoplasm of the cell body acid phosphatase activity first appears to 
increase over normal levels several days after obvious degradation of nucleo- 
protein has begun.  The height of phosphatase activity in the chromatolytic 
cycle is first seen at the height of Nissl body breakdown, but activity persists 
at a high level when restoration of chromophil substance is Well advanced, and 
declines only in the final stages of recovery of Nissl bodies to normal.  This 
suggests a  correlation of heightened acid phosphatase activity with increased 
synthesis of nucleoprotein. 
The recovery period of chromatolysis due to axon section appears to coincide 
in time with  the phase of gradual lengthening of the axon, after the initial 
active sprouting of branches from the central stump.  The recovery period can 
thus be regarded as a  gradual restoration of the balance of nucleoprotein deg- 
radation  and  synthesis.  It is even possible that in the "recovery" phase  of 
the  morphologically visible  cycle of chromatolysis a  degradation of nucleo- 
protein above normal levels, necessary for axon growth still in process, is masked 
by  "over-shooting" of the  synthetic activities, resulting in  a  total  increase 
despite greater utilization.  A suggestion of this is found in the fact that in 
some nerve cells in later recovery stages (Figs. 7 and 8), the Nissl substance 
often appears to be more concentrated than in normal cells (also van Gehuchten, 
1). 
Complete restoration of the "normal" pattern of Nissl bodies, and of the 
normal level of phosphatase activity, does not occur until weeks or months 
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plete.  It may be tentatively suggested that complete restoration of the Nissl 
body pattern is contingent upon the outgrowth of sufficient axoplasm  to re- 
store much of the original mass of the neuron.  This may occur of course in 
a neuroma as well as in a successfully regenerating  nerve.  Since restoration 
of the normal Nissl  body pattern is not always dependent on union of the 
stumps, as was known by Nissl, and may occur before completed regeneration 
or maturation of the regenerating axon, it may be assumed  that cytoplasmic 
nucleoprotein  may be completely restored before other cytoplasmic materials 
and mechanisms have returned to normal levels.  In anterior horn ceils of the 
rabbit, which peculiarly show only mild chromatolysis after axon section, as 
a rule, it must be assumed that the steady state of cytoplasmic nucleoprotein 
is less easily disturbed than in other motoneurons,  although there can be no 
doubt that other mechanisms concerned  in protein synthesis must be active 
during regeneration  of the axon in this species. 
The occurrence of chromatolysis in various pathological conditions in which 
axon regeneration  is not involved,  suggests a shift in the balance of a steady 
state by differential inhibition or acceleration  of complex enzyme-regulated 
reactions.  This might be  expected  to have a  variable effect  on  the many 
qualitatively different "neuron species"  (116) present in the nervous system, 
producing the well known "differential vulnerability" (117) of different nerve 
centers  to various toxic agents, and in a  spectacular fashion to poliomyelitis 
virus.  In  addition to  the specific production of chromatolytic changes  by 
toxins  and  neurotropic  viruses,  interference  with  enzyme mcchanisms  by 
hormonal imbalances (116)or dietary deficiencies might conceivably in extreme 
cases produce the phenomenon of  chromatolysis.  Such changes of nerve cells 
have been reported for example in thyrotoxicosis  (118, 119).  These examples 
are sufficient to show the need for further experimentation in the directions 
indicated. 
Finally, one may summarize the evidence for enzymatic changes in regenerat- 
ing neurons by noting first the presumptive evidence for increased ribonuclease 
activity involved in the turnover of cytoplasmic nucleoprotein  (43), second, 
the  increased  phosphatase  activity localized  in  the  region  of  cytoplasmic 
nucleoprotein  transformation, and third the decreased activity of cytochrome 
oxidase  during the period  of the axon reaction  (66).  Increased proteolytic 
activity is  also  implied  in the breakdown of the eosinophilic matrix of the 
Nissl bodies, and experimental evidence for this has been offered by Marinesco 
(65). 
SUMMARY 
1.  The regenerative cycle of motoneurons after axon amputation is described, 
and an attempt made to correlate  morphological  and chemical events in cell 
bodies with the growth requirements of regenerating axons. 
2.  The "normal" pattern of Nissl material in the cell is considered  to be 484  REGENERATIVE  CYCLE 0F MOTONEURONS 
the resultant  of a  steady state in cytoplasmic nucleoprotein.  Chromatolysis 
is then interpreted as a shift of the balance of nucleoprotein turnover in favor 
of degradation.  The rapid early depletion of Nissl substance in chromatolysis 
is ascribed to the increased growth requirements  created by the active early 
sprouting  of the regenerating  axon.  Acid phosphatase  activity begins to in- 
crease above normal  levels during  this period in  the region  of nucleoprotein 
degradation. 
3.  The  recovery period  of  chromatolysis  due to axon  section  coincides  in 
time  with  the  phase  of  gradual  lengthening  of  the  regenerating  axon, 
and  is thought  to  represent  a  gradual  restoration  of the  balance  of nucleo- 
protein  degradation  and  synthesis.  During  this  period  acid  phosphatase 
activity is at its height in the region of transformation  of Nissl substance, and 
later  declines  to normal  levels when  the  original  pattern  of Nissl bodies is 
restored. 
4.  The transformation of cytoplasmic nucleoprotein which occurs in chroma- 
tolysis after  axon  section,  with  the  probable  liberation  (46),  and  depletion 
(44),  of nucleotides,  associated  with  acid phosphatase  activity,  suggests  the 
hypothesis that liberated nucleotides or nucleotide compounds may pass down 
the axon in which they take part in enzymatic activity associated with growth 
and organization  of the newly formed axon.  This type of activity would not 
be incompatible  with  the  ideas previously expressed  (30,  81)  of a  continual 
function of Nissl substance in maintaining  the integrity  of the large volume 
of cytoplasm represented by the axon, as well perhaps as the associated myelin 
sheath. 
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EXPLANATION OF PLATES 
I~AT~ 23 
Stages  in  the  chromatolytic  cycle  of  rhesus anterior  horn  cells.  Gallocyanine  stain. 
Degree of reduction of Nissl substance is graded -- 1 to -3.  X 600.  15 #. 
Fro.  1.  Normal motoneuron. 
Fro.  2.  Early chromatolysis (--1), 3 days after high section of sciatic nerve.  Note the 
diminution in size of Nissl bodies. 
Fro.  3.  Moderate chromatolysis (--2), 6 days after lumbar spinal root section.  Note the 
greater reduction in size of Nissl bodies, except for tendency toward massing of chromophil 
material near cellular and nuclear membranes, and the eccentric position of nucleus. 
FIo.  4.  Severe chromatolysis  (-3),  6  days after lumbar spinal  root section.  Note  the 
virtual exhaustion of chromophil substance in the cytoplasm, except for massing of residual 
material near the cell membrane, and to a lesser extent near the nuclear membrane. 
FIG.  5. Severe chromatolysis (-3),  7 days after lumbar spinal root section.  Depletion of 
Nissl substance perhaps greater than Fig. 5, but not yet complete.  The nucleus shows some 
shrinkage and deformation, which are irregular occurrences. 
FIG.  6.  Moderate chromatolysis (-2)  in the recovery phase,  7 days after lumbar spinal 
root section.  Severe depletion of Nissl substance  in  the  central  cytoplasmic zone is still 
present but there is concentration of Nissl bodies peripherally, and increase in mass of the 
perinuclear "cap" of chromophil substance. 
Fro.  7.  Moderate  chromatolysis in  recovery phase  (--1  to  -2),  30 days  after lumbar 
spinal root section.  Nissl bodies are numerous throughout cytoplasm but small.  Nucleus 
still eccentric in position. 
FIG.  8.  Late recovery phase  of chromatolysis  (-1),  110 days after lumbar spinal  root 
section.  Normal architecture  of  Nissl  bodies almost  restored.  Nucleus  returning  to  the 
normal central position in cell body.  Nissl substance appears to be above normal in quantity 
in some cells at this stage. THE  JOURNAL  OF EXPERIMENTAL  MEDICINE  VOL.  81  PLATE  23 
(Bodian and Mellors: Regenerative cycle  of motoneurons) PLATE 24 
Motoneurons from lumbar cord of rkesus monkey A5-12, 10 days after section of left sciatic 
nerve.  X  400.  15 /z. 
FrG.  9.  Normal  motoneuron,  stained  with  gallocyanine  after  acetone  fixation,  showing 
Nissl bodies. 
FIG.  10.  Chromatolytic motoneuron, same section as in Fig.  9. 
FIG.  11.  Normal  motoneuron of  right  sciatic nucleus,  phosphatase  preparation,  section 
adjoining that shown in Fig. 9.  Moderate phosphatase activity throughout cell, and in axons 
of neighboring neuropil. 
FrG.  12.  Chromatolytic  motoneuron  (--3)  of  left  sciatic  nucleus,  showing  heightened 
phosphatase activity in chromatolytic central zone.  Same section as Fig.  11. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  81  PLATE 24 
(Bodian and Mellors: Regenerative cycle of motoneurons) PLATE 25 
Low power views of section of lumbar cord of A5-12, prepared by phosphatase method, l0 
days after section of left sciatic nerve.  X  200.  15 #. 
FIG.  13.  Right  sciatic nucleus,  showing normal cells. 
FIG.  14.  Left  sciatic  nucleus,  showing chromatolytic cells with heightened phosphatase 
activity.  Note eccentric position of nuclei in cells.  Cell at upper right shows axon emerging 
on right side and nucleus displaced to opposite pole. TIlE  J'OIYRNAL OF  EXPERIMENTAL  MEDICINE  VOL.  81  PLATE  25 
(Bodian and Mellors: Regenerative cycle  of motoneurons) PLATE 26 
Motoneurons from lumbar cord of rhesus monkey, A6-32, 24 days after  section  of left 
sciatic nerve.  Acetone fixation, gallocyanine stain,  )<  600.  15  /z. 
FIG.  15.  Normal cells from right sciatic nucleus. 
FIG.  16.  Chromatolytic cells (--1) from left sciatic nucleus, showing considerable recovery 
of Nissl substance. THE  JOURNAL  OF  EXPERI~ENTAL  MEDICINE  VOL.  81  PLATE 26 
(Bodian and Mellors: Regenerative cycle of motoneurons) PLATE 27 
Motoneurons  from lumbar  cord of rhesus  monkey,  A6-32,  24 days  after  section  of left 
sciatic nerve.  Section adjoining that shown in Figs. 15andl6.  Acetoneflxation,phosphatase 
preparation,  X  600.  15/z. 
FIG.  17.  Normal cells from right sciatic nucleus. 
Fro.  18.  Chromatolytic  ceils  from  left sciatic nucleus,  showing  continued  high  level of 
phosphatase  activity in cytoplasm.  Note eccentric position of nuclei. TBTE JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  81  PLATE 27 
(Bodian  and  Mellors:  Regenerative  cycle  of  motoneurons) 